Strong antiresonant reflecting optical waveguiding is demonstrated in a novel poly (methylmethacrylate) (PMMA) hollow-core fiber. The transmission spectrum of the fiber was characterized using a supercontinuum source and it revealed distinct resonances with resonant dips as strong as ∼20 dB in the wavelength range 480-900 nm, where PMMA has low absorption. The total propagation loss of the fiber was measured to have a minimum of ∼45 dB m −1 at around 500 nm. The thermal sensitivity of the fiber is 256 ± 16 pm°C −1 , defined as the red-shift of the resonances per°C, which is three times higher than the sensitivity of polymer fiber Bragg gratings.
Introduction
The first hollow-core photonic crystal fiber (HC-PCF), demonstrating that >99.9% of the light can be guided in air, was presented in 1999 [1] . Since then there has been a tremendous interest from the scientific community in hollowcore fibers because they can be used in applications, such as gas, liquid and chemical sensing [2, 3] , high-speed data transmission [4] , terahertz guiding [5] , and gas-based nonlinear optics [6, 7] . The confinement of light in a hollow-core fiber can be categorized into three main guidance mechanisms based on the structure of the fiber. The first type is the photonic bandgap mechanism under which the cladding, for a certain range of wavelengths, does not support modes with an effective refractive index around the refractive index of air [1] . Light in the core in those wavelength ranges is not able to couple to cladding modes and is consequently guided in the core with low losses [1] . The second mechanism does not support photonic bandgaps, but the core modes have a weak coupling with cladding modes. This is the so called 'low density of state guidance' or 'inhibited coupling' where the core modes and cladding modes have a low spatial overlap [8, 9] . A well-known example of such guidance is the Kagome fiber, where despite its higher propagation loss compared to the HC-PCF, Kagome fibers have a larger bandwidth [8] [9] [10] . The last main type of guiding mechanism is a simplified version of the two latter, where the light is confined in the core of the fiber via antiresonant reflecting optical waveguide (ARROW) [11, 12] . In this case, there are only discrete resonances in the cladding which will couple to the core modes. Although ARROW guidance has primarily been associated with hollow-core fibers, it has also been reported in solid-core PCFs, in both polymer and silica, where the cladding holes have been filled with high-index materials or high-index films [13] [14] [15] [16] [17] .
Silica hollow-core antiresonant fibers have attracted significant attention recently because they can transmit light in the mid-IR transmission range with low loss. In 2011, Pryamikov et al experimentally presented the first hollow-core negative curvature ARROW fiber suitable for the spectral range 3-4 μm [18] . Belardi et al then demonstrated numerically a novel design of an antiresonant hollow core fiber with significantly reduced attenuation [19] . Since then several researchers have reported improved silica-based ARROW fibers mainly for the mid-IR spectral region. Antiresonant guiding has also been shown in the same spectral range using all-solid PCFs made by silver halide material [20] . However, limited research has been done in polymer hollow-core ARROW fibers [21, 22] . Polymer fibers are considered ideal candidates for sensing applications, such as temperature and strain sensing [23, 24] and fiber-optical biosensing [25] [26] [27] due to their high thermo-optic coefficient, low Young's modulus, and biocompatibility properties. In this work, we report on the fabrication of an ARROW fiber made of poly (methyl-methacrylate) (PMMA) which constitutes a hollowcore and six-solid cores around it. The purpose of the proposed structure is that the surrounding solid cores can be used as high NA collector channels in sensing applications whilst further improvement of the robustness of the fiber to external mechanical perturbations is achieved. We show strong antiresonant guiding with resonances as strong as 20 dB at 650 nm. The proposed fiber exhibits relative low loss compared to for example capillaries (∼150 dB m −1 in the visible range with core size ∼40 μm) [6] , while the high thermo-optic coefficient of PMMA provides a thermal sensitivity of ∼256 pm°C −1
. The proposed fiber structure has potential for fluorescence and Raman-based biosensing applications because the core modes could act as excitation source and the surrounding solid-cores could be used for collection of the fluorescent or Raman signal [28] .
Fiber fabrication
The fiber was fabricated in-house using the drill-and-draw method. A primary PMMA cylindrical preform of diameter 6 cm and length 10 cm was drilled with the desired pattern using a computer controlled drilling machine as shown in figure 1(a) . The preform was first drawn to a cane of ∼5 mm diameter. The cane was sleeved with a single polymer tube and this secondary preform was then drawn to a ∼730 μm in diameter fiber. Figure 1 (b) shows a scanning electron microscopy (SEM) image of the end-facet of the fabricated fiber, which is seen to be slightly distorted due to the cleaving of the fiber. The fiber was cleaved using the hot-blade/fiber technique in order to obtain a good quality smooth surface. The temperature used for both the fiber and the cleaving blade was 77.5°C, which has been shown to be optimum for cleaving PMMA PCFs [29] . The reason for this distortion, despite the optimum cleaving conditions, is that the structure of the fiber is composed of thin walls and thick polymer struts. Figure 1 (c) shows a magnified SEM image of the core, where the thin polymer ring around the air core, which introduces the ARROW guidance, is indicated by yellow dashed circles. The diameter of the core of the fiber is ∼43 μm.
However, it is important to stress, that the distortion does not proceed into the fiber, but is localized close to the endfacet, and does therefore not influence the guiding properties of the fiber. In order to verify that the distortion of the end facet of the fiber after cleaving does not proceed into the fiber, we observed the fiber from the side using an optical microscope. As it can be seen from figures 2(a) and (b), the distortion is superficial and does not propagate along the length of the fiber (∼24 μm).
Optical characterization
For the optical characterization of the ARROW fiber, a supercontinuum laser source (SuperK Versa) was used, which covers the wavelength range from 500 to 2100 nm. The output beam from the laser was focused and coupled to a silica PCF (LMA-5) using a microscope objective in order to ensure single mode guidance coming out from the silica fiber for the full wavelength range. The output light from the silica PCF was then butt-coupled to the polymer ARROW fiber. The light was collected using a microscope objective and a multimode fiber and the transmitted signal was monitored on an optical spectrum analyzer. Any undesired light was blocked by inserting an iris diaphragm (with max diameter 20 mm) into the beam path, such that only light from the air core was recorded. A CCD camera was placed in the output path in order to record the near-field profile of the output of the fiber. The experimental set-up is shown in figure 3(a) . Figure 3(b) shows the near-field with no light coupled to the fiber, while figure 3(c) shows the near-field when light is coupled into the air-core. Similarly, figures 3(d) and (e) show the near-field profiles when the light is coupled into a capillary and into the solid PMMA material around the core of the fiber, respectively. ARROW guidance in a fiber is characterized by a number of minima and maxima in the transmission spectrum and occurs when the core, has a refractive index that is lower than the cladding. A thorough analysis of the ARROW mechanism has been extensively described elsewhere [12] . In our case, the low-index core is air and the high-index material is the PMMA ring around the core. As the light propagates along the fiber it interacts at a grazing incidence with the polymer walls and undergoes a resonant reflection (see inset of figure 3(b) ). The resonant condition for the minimum transmission (on-resonance state) is given by [12, 30] :
where t is the thickness of the wall, n 1 and n 2 are the refractive indices of the low and high index materials (air and PMMA), respectively. These resonant wavelengths correspond to minima in the transmission spectrum. Figure 3(a) shows the normalized transmission spectrum of a 42 cm long where t is the estimated thickness of the PMMA ring around the core, n 1 is the refractive index of the core and n 2 is the refractive index of PMMA at 650 nm. The calculated locations of the minima are in good agreement with the measured spectrum and are shown in figure 4(a) (black spheres). The blue dotted line in figure 4(a) shows the spectrum recorded from one of the surrounding holes (see near-field profile in figure 3(d) ). The transmission through the surrounding holes lack the resonance dips dominating the spectra from the central core. This is to be expected since the surrounding holes do not have a resonator ring around them and therefore can best be described as capillary waveguides. When the transmission spectrum of the hollow-core fiber (black solid line in figure 4(a) ) is plotted in the frequency domain as seen in figure 4(b) , the separation between the transmission peaks (maxima) is relatively constant [30] .
In order to estimate the loss of the hollow-core ARROW fiber we made a cut-back measurement. The initial length of the fiber was 42 cm and after the cut the fiber length was 22 cm. Figure 5(a) shows the transmission spectra for the two lengths, i.e. 42 (black line) and 22 cm (red dashed line). The estimated propagation loss of the fiber is shown in figure 5(b) . It can be seen that the minimum loss of ∼ 45 dB m −1 was around 500 nm, which is for example lower than the loss of the first hollow-core microstructured polymer optical fiber (∼55 dB m −1 at around 500 nm) [21] . It is well-known that the core size has crucial role for the loss of the fiber and thus it is important to emphasize that the core size of our fiber (∼43 μm) is almost the same as the core size (∼42 μm) of the fiber in [21] . Furthermore, the loss of the current fiber is significantly lower (∼45 dB m −1 in the visible range) than a conventional capillary of similar core size (∼150 dB m −1 in the visible range) [6] . Apart from the intrinsic confinement loss of the ARROW waveguide, additional sources of loss are scattering, in/out coupling losses and micro-bens introduced during the fabrication of the fiber. It should be noted that a long fiber and more than two cut-back points are necessary for an accurate measurement of the loss. However, due to the limited length of the fiber and the difficulties in cleaving the fiber, it was not feasible to measure additional cut-back points. It should be emphasized that the proposed fiber is mainly for applications where short lengths of fiber are required. The inset of figure 5(b) shows the connectorization of the proposed polymer hollow-core ARROW fiber with a conventional step-index silica fiber using UV-curable optical adhesive [32] . A first bonding between silica-PMMA was made with an optical UV-curable adhesive (NOA78-Norland) in order to have refractive index matching between the fibers and to avoid any kind of cavity effects. However, this adhesive has poor mechanical strength and therefore a second UV-curable adhesive was used to improve the robustness of the connection as also reported in [32] . This method has been used for most of fiber Bragg gratings (FBGs) polymer fiber sensors operating at 1550 nm [32] and it has been proven an efficient route for successful and robust connectorization of silica with polymer fibers when the loss of the fiber can be a limitation factor. PMMA fibers has been reported to be in the range from −77 to −95 pm°C −1 [34] . For our temperature measurements, a controlled heating element (Linkam MC60) was placed in contact with the ARRROW hollow-core fiber. Figure 6 (a) shows how the transmission spectrum red-shifts as the temperature increases from 20 to 50°C. This wavelength red shifting can be explained mainly by the change of the thickness of the ring around the core due to the high thermal expansion coefficient of PMMA (∼73.5 × 10 −6°C ) [35] .
However, it should be emphasized that the thermally induced refractive index change of PMMA will also contribute to the change of the resonant dips. It has been already shown experimentally in polymer solid-core antiresonant fibers that when the temperature increases, the resonant dips are blueshifting because the refractive index contrast between core and cladding is increasing (thermo-optic coefficient of polymer is negative) [15] . However, in our case, because the resonant dips are red-shifting with temperature instead of blue-shifting, allows us to conclude that the wall thickness expansion of the core dominates over the thermo-optic effect.
The shift of the resonances for 10°C (figures 6(a) and (b)) was measured to be ∼6 nm. In order to match the 6 nm redshift of the resonances with the ARROW model, the thickness of the PMMA wall estimated that it was expanded ∼ 70 nm based on the ARROW model as described in equation (1) . Figure 6 (b) shows how the location of the transmission dips depend on temperature. As it can be seen from figure 6(b), a relatively linear thermal response is observed for all the resonances (dips). The average temperature sensitivity of the ARROW fiber was found to be 256 ± 16 pm°C −1 which is higher than long period gratings in polymer fibers [36] and more than three times higher than the FBG response in polymer fibers [34] . This demonstrates that the proposed fiber potentially can be used as temperature sensor or tunable fiberbased optical filter for visible wavelengths.
Conclusion
In conclusion, we fabricated an ARROW fiber made of PMMA, which constitutes a hollow-core and six-solid cores around it. The spectral response of the fiber exhibited several narrow resonances over the range 450-900 nm, due to the ARROW guiding characteristics. The minimum loss was estimated to be around ∼ 45 dB m −1 and the thermal sensitivity of the fiber was measured to be 256 ± 16 pm°C −1 . We demonstrate also that short lengths of the proposed ARROW fiber can be connectorized to a conventional step-index silica fiber using simply an optical adhesive. The main advantage of the proposed fiber is that it is fabricated using PMMA, which is biocompatible and suitable for in vivo biomedical applications. Also, the presented ARROW fiber could be used as a Raman or fluorescence probe for biosensing due to its hollowcore structure. The proposed fiber also opens the way for several other investigations, such as gas-based nonlinear effects, strain, and temperature sensing, as well as optofluidics applications.
